A three-dimensional treatment method involving implantation of ions into solids immersed in a high voltage pulse discharge ignited on the left-hand-branch of the Paschen curve was elaborated about fifteen years ago. This method, named 3DII for short, has been used in the equipment JUPITER (Joint Universal Plasma and Ion Technologies Experimental Reactor) for practical purposes. Hereafter, the need for better means to improve the metal surface protection against aggressive media prompted an elaboration of the MOSMET concept which is based on a hybrid treatment involving the processes of implantation and deposition. It is significant that the processes can be set into action simultaneously or separately. In this article, the conditions of hybrid treatment of AISI SAE 1010, 1020 y 1045 carbon steels, their subsequent electrochemical diagnostics and corrosion test results are described. The corrosion rate of the samples treated by titanium hybrid discharge is found approximately an order of magnitude smaller as compared to the non-treated samples.
Introduction
As of now, there is a strong trend towards the implementation of gas discharges to treat solids in order to enhance their resistance to corrosion processes. In this area, we have started with the gas ion implantation study [1] [2] [3] [4] . The implantation is performed through high voltage pulse discharges ignited in the JUPITER reactor which is set up in Plasma Physics Laboratory at the Universidad Industrial de Santander (Colombia). In order to implant metal ions, the JUPITER reactor was supplemented by an arc vaporizing equipment. This modified reactor is named MOSMET 5 . It is significant that the MOSMET reactor permits not only to deposit metal vapor or molecules (such as TiN 2 ) on the surface through the arc discharge or the ion implantation through the high voltage discharge but also to give a hybrid treatment which is realized at simultaneous functioning of the electric arc discharge and the high voltage discharge related to the left branch of the Paschen curve 6, 7 . The hybrid treatment of metals which modifies the structure of their surface and sub-surface layers can improve such characteristics as the surface microhardness and resistance to corrosion including resistance to corrosion produced by biologic species 8, 9 . The surface treatment technologies based on the hybrid discharge can successfully be applied in the petrochemical industry, medicine industry, electronics and material sciences. A brief description of the MOSMET facility and the hybrid treatment effect on the corrosion resistance of AISI SAE 1010, 1020, and 1045 steel types are given below.
Experimental Setup
The MOSMET reactor is in fact the JUPITER reactor supplemented with an electric arc discharge system, which makes it possible to treat metal samples in gas discharges or metal vapor discharges, or by mixed metal vapor -gas discharges.
The general set-up of the MOSMET equipment is presented in Figure 1 (the left hand side). The right hand side on Figure 1 shows the electric scheme of the arc equipment and its position in the reactor chamber with the dimensions of 80 × 70 × 70 cm 3 . The high voltage (HV) rectangular pulses elaborated by an electronic device, which is based on a high voltage pulse transformer, are imposed across the HV cathode (see Figure 1 , the left hand side). The arc cathode and the HV cathode are set on the opposite sides of the chamber in order to create favorable conditions to the arc discharge metal ions to be implanted into the metal samples arranged on the HV cathode surface through the electric contact with it. The cathode separation is as long as 35 cm. The arc and HV equipments are electrically isolated despite the fact that the chamber walls serve as the anode in both schemes. By this expedient the arc discharge and HV discharge are operated independently without mutual perturbation, thus permitting to ignite either an arc discharge or an HV discharge, or both simultaneously. The latter case presents a hybrid discharge which provides a hybrid surface treatment. The chemical composition of the gas-vapor media in the chamber after and during the treatment processes is controlled by a mass-spectrometer HPQ2. The cathodes are water cooled, and their surface temperatures are measured through a sapphire window with an EIR-350 infrared thermometer.
Coupon samples
The samples used for hybrid treatment and the subsequent electrochemical testing are made of AISI SAE 1010, 1020 and 1045 steels as coupons of a rectangular form of 2.54 × 1.27 cm. The coupons are polished with 600 emery papers to make their surfaces clean and uniform and the preparation degree suits the SSPC-SP (white metal) which is specified by the ASTM G1-033 standard.
The hybrid treatment is realized through the imposition of 10 kV pulses of 0.25 ms duration at 30 Hz repetition frequency on the arc plasma. The hybrid treatment time is limited by 10 minutes. The titanium deposition rate on the sample surface depends on the distance between the arc cathode and the sample, the arc current magnitude and the solenoid magnetic field have control of the arc discharge. With the arc current of 150 kA, the measured Ti deposition rate is 1.5 nm/s which gives the Ti layer thickness a value of 6 µm. In the hybrid discharge, the implantation of ions occurs simultaneously with the deposition process. The ion implantation into the sample body is effective only during the first seconds or so. After this period of time the ions get implanted not into the sample body but into the deposited layer. The depth distribution of the implanted ions is obtained by using SIMS CAMECA equipment and TRIM code simulations 10 . It is found that the density of the implanted titanium atoms reaches its maximum at a depth of 5.8 nm from the sample surface and then it gradually decreases up to the depth 20 nm. This is how a very thin subsurface layer system steel-Ti atoms is created, which washes away the substrate-layer interface and weakens the adhesion problem.
Electrochemical parameters tests
A change in the corrosion resistance of the steel coupons subjected to the titanium hybrid treatment is evaluated. To accelerate the physics-chemical corrosion processes, the treated and non-treated coupons are exposed to the standard 0.3% sodium chloride bride. The performance evaluation of the hybrid treatment as corrosion mitigation measure is carried out using the Tafel and linear polarization resistance (LPR) methods. The polarization and the Tafel curves are obtained with the help of an impedance measurement unit IM6 of Zhander Electric. The standard parameters of the electrochemical tests for the Tafel curves are presented in Table 1 . 
Results

Linear polarization resistance
To monitor the corrosion rate in a 3% aqueous solution, the effective linear polarization method is applied. The measurements of the current versus the applied potential which varies within a range of mV (see Table 1 ) permit to find the linear polarization resistance Rp of the solutions, which is a measure of the sample corrosiveness. It is important that such small voltages as 20 mV should not affect the natural corrosion process. The extent to which the titanium hybrid treatment may exert a polarization resistance effect is presented in Figure 2 where the lower curve corresponds to the 1010 steel without treatment and the upper curve is obtained for this metal coupon which is put through a titanium hybrid treatment during 10 minutes. In these tests, the salt solution was saturated with carbon dioxide. Similar curves are obtained for other steel types under test. A decrease of the current value which corresponds to enhancement in the polarization resistance is a diminishing measure of the mass transfer from the metal into the solution. The case presented by the upper curve in Figure 2 must be attributed to anticorrosive properties of the implanted and deposited titanium ions.
The data on the polarization resistances for all the tested steel types are collected in Table 2 . As one can observe, the titanium hybrid treatment of the tested metals improves drastically the corrosion resistance.
Tafel slopes
Another method for determining the metal loss by a steel sample whose surface is in contact with a corrosion solution is the Tafel method. The Tafel slopes making it possible to measure the metal corrosion rate are the parts of the semi-logarithm Tafel diagram. These parts are presented by the straight lines ranging usually from the point located in 50 mV from the corrosion potential. The mode of determination of thermodynamical constants β on the voltamperic Tafel diagrams are demonstrated in Figure 3 where one can see that there are significant differences between the tangents to the anodic y cathode branches of the Tafel slopes obtained for the treated and non-treated 1010 steel coupons. The cathode slopes βc and anode slopes βa calculated for all the evaluated systems metal-bride saturated with CO 2 are done in Table 3 .
Corrosion rate calculations
The polarization resistance curves and the Tafel slopes make it possible to determine the corrosion current density i corr whose expression, in accordance with the ASTM G102-99 standard, is given as
where A is the sample area which contacts the electrolyte in cm
2
, βc and βa are in V/dec and Rp in MΩ. Using the derived values for the corrosion currents, the corrosion rate Vel corr is calculated in mpy units:
where i corr in µA.cm -2 , We is the electrochemical equivalent and d is the sample material density in g.cm -3 . The data obtained in this way are shown in Table 4 and Figure 4 . In Figure 4 the treated samples are marked with Ti while the non-treated ones are left unmarked. The corrosion rates of the non-treated coupons are found higher than 13.75 mpy whereas those for the titanium hybrid treated coupons are found smaller than for the non-treated ones by a factor of m with the values of m = 12 for 1010 steel, m = 7 for 1020 steel and m = 9 for 1045 steel. The corrosion rates are determined to an accuracy of 5%. The treated 1045 steel demonstrates the best anticorrosive property (see Table 4 ).
Any alloy containing iron is subjected to a galvanic corrosion due to the interaction of iron with atmosphere or aqueous media. In this interaction, the iron atoms loose two electrons and as Fe ++ ions leave the metal surface producing pitting processes. The fact that the corrosion rate of samples treated in Ti discharge falls significantly suggests a drastic suppression of the reaction which transforms the atoms Fe into ions Fe +2 .
Conclusions
The treatment of AISI SAE 1010, 1020 and 1045 steel samples is fulfilled in the MOSMET reactor by titanium hybrid discharges. The titanium hybrid treatment efficiency as an anticorrosive means for carbon steels is verified through using the LPR and Tafel electrochemical diagnostics. It is shown that this treatment can increase the resistance of 1010, 1020 and 1045 steels to corrosive reactions by an order of magnitude. It is reasonable to suppose that the surface treatment of tools made of carbon steel or alloys in a high voltage titanium discharge can protect them efficiently against oxidation processes. Figure 4 . Comparison of the corrosion rates in the bride saturated with CO 2 for different steels treated in the hybrid discharge (marked with Ti) and the non-treated ones (unmarked).
